Neptune Trojans and Plutinos are two sub-populations of Trans-Neptunian Objects located in the 1:1 and the 3:2 mean motion resonances with Neptune, respectively, and therefore protected form close encounters with the planet. However, the orbits of these two kinds of objects may cross very often, allowing a higher collisional rate between them than with other kinds of Trans-Neptunian Objects and a consequent and size distribution alteration of the two sub-populations. Observational colors and absolute magnitudes of Neptune Trojans and Plutinos show that: i) there are no intrinsically bright (large) Plutinos at small inclinations; ii) there is an apparent excess of blue and intrinsically faint (small) Plutinos; and iii) Neptune Trojans possess the same blue colors as Plutinos within the same (estimated) size range do. For the present sub-populations we analyze the most favorable conditions for close encounters / collisions to occur and address if there could be a link between those encounters and the sizes and/or colors of Plutinos and Neptune Trojans. We also perform a simultaneous numerical simulation of the outer Solar System over 1 Gyr for all these bodies in order to estimate their collisional rate. We conclude that orbital overlap between Neptune Trojans and Plutinos is favored for Plutinos with high libration amplitudes, high eccentricities and low inclinations. Additionally, with the assumption that the collisions can be disruptive creating smaller objects not necessarily with similar colors, the present high concentration of small Plutinos at low inclinations can thus be a consequence of a collisional interaction with Neptune Trojans and such hypothesis should be further analyzed.
Introduction
Trans-Neptunian Objects (TNOs), also known as Kuiper Belt Objects (KBOs), are a population of small and primitive icy bodies orbiting (mostly) beyond Neptune. Their study is one of the most significant ways to obtain information on the early ages of the Solar System.
Based on some distinct dynamical properties, the TNOs can be subdivided in several different sub-populations, often also called families or groups. Subdivide them as a function of their physical properties seems to be far more complex. TNOs have surface colors so diverse that can go from blue/neutral (i.e. solarlike) to extremely red. A possible explanation for the wide variety of colors was originally proposed by Luu & Jewitt (1996) with the collisional resurfacing model. In this model, the competition between surface reddening, due to cosmic-ray bombardment, and a resurfacing with frozen material (assumed to be bluer) withdrawn from beneath its crust by impact collisions could be responsible for the observed wide range of surface colors. As the model seems to fail, at least in its simple form, more complex forms have been proposed. Namely, collisional resurfacing combined with cometary activity (Delsanti et al. 2004) , and collisional resurfacing with layered reddening and even rebluing by cosmic-rays (Gil-Hutton 2002 ). An alternate idea proposes that surface colors are primordial (Tegler et al. 2003b , and references therein). More recently, Grundy (2009) shows that an object could lose its redness simply by ice sublimation (without resurfacing). Such could explain the lack of red colors among TNOs that evolved into Jupiter family comets due to their closeness to the Sun. Yet, as the aforementioned work acknowledges, the existence of the blue/neutral TNOs at heliocentric distances where ices do not sublimate suggests the existence of other coloring mechanisms. Our understanding on the origin and eventual alteration of TNOs colors is still very limited and, up to the present, none of these approaches lead to a fully consistent explanation for the color diversity (for a review see Doressoundiram et al. 2008 ).
Among the TNOs, two sub-populations caught our attention: the Neptune Trojans and the Plutinos. Neptune Trojans are the small bodies trapped in a 1:1 mean motion orbital resonance with Neptune, also with orbital eccentricities lower than 0.1. Roughly they co-orbit with Neptune concentrated 60
• ahead and 60
• behind Neptune's position. Chiang & Lithwick (2005) proposed that Neptune Trojans formed by in-situ accretion from smallsized debris once Neptune's migration has stopped. On the other hand, other works indicate they can survive planetary migration (Nesvorný & Dones 2002; Kortenkamp et al. 2004 ) and, more recently, due to the discovery of a large population of high inclination Neptune Trojans, Nesvorný & Vokrouhlický (2009) sustain they were captured during planetary migration Compared to TNOs Neptune Trojans seem to be quite small in size (diameters D < 100 km) and also slightly blue. A.J.C. Almeida et al.: Neptune Trojans and Plutinos: colors, sizes, dynamics, and collisions At the time of our analysis 6 Neptune Trojans were known 1 , all of them librating around the Lagrangian point L 4 .
Plutinos are those trapped in a 3:2 mean motion orbital resonance with Neptune, with eccentricity values ranging between 0.1 and 0.3. Unlike Trojans, the colors of Plutinos vary from blue/neutral to the very red, and their sizes range from a few tens of km to a few thousands (note that Pluto is a Plutino). Roughly, Plutinos possess semi-major axes within 39 < a < 40.5 AU. Through long-term dynamical evolution studies Lykawka & Mukai (2007) identified 98 Plutinos and that will be our reference.
Being locked at the 3:2 resonance, Plutinos can periodically cross the orbit of Neptune without colliding with it. However, this protection from collisions is not possible for Neptune Trojans and Plutinos. A first look at the geometry of these two populations suggests that they might even collide frequently.
The analysis of the collisional resurfacing model by Thébault & Doressoundiram (2003) and Thébault (2003) found that Plutinos were significantly more affected by collisions than other TNOs. Since, observationally, Plutinos did not exhibit bluer colors than all other TNOs taken as a whole, the aforementioned work strongly argued against the collisional resurfacing model, at least as major cause for the color diversity of TNOs. Neptune Trojans were not included in Thébault & Doressoundiram' s simulations, though, since they were not known at the time. Notwithstanding the arguments against it, the collisional resurfacing that was analyzed was a very simple model. For instance, the possibility of collisional disruption of differentiated bodies producing fragments or rublepiles with surface colors distinct from those of the parent bodies has not been taken into account in the collisional resurfacing models yet. Naturally, the possible outcomes of this scenario would be far more complex and our understanding of the physics of collisional processes between the icy TNOs is still limited (see review by Leinhardt et al. 2008) . Nonetheless, both a collisional family of TNOs associated with (136108) Haumea and a collisional system of satellites associated with Pluto have been detected (Brown et al. 2007; Stern et al. 2006; Canup 2005) .
Surveys show a power-law for the size distribution of TNOs with slope change at D ∼ 100 km (Bernstein et al. 2004) , which is most consistent with TNOs being gravity dominated bodies with negligible material strength. Objects larger than ∼ 100 km are difficult to disrupt, hence likely primordial, and objects smaller than this are expected to be shattered due to disruptive collisional evolution (Kenyon et al. 2008; Pan & Sari 2005) .
de Elía et al. (2008) studied the collisional evolution of Plutinos considering only Plutino-Plutino collisions. They infer that any eventual slope change at D ∼ 40 − 80 km on the powerlaw size distribution of Plutinos should be primordial and not of collisional origin. Yet, they find that collisional populations may form from the breakup of objects larger than 100 km, and if those populations form at low inclinations their fragments will likely stay in the resonance.
On Sect. 2 we will analyze the observational data relative to Neptune Trojans and Plutinos. We will discuss two particular observational properties: 1) there is an apparent "excess" of small blue Plutinos and these happen to be also in the same size range and to possess the same colors as the known Neptune Trojans, and 2) there is a concentration of small Plutinos, and absence of large ones, at low orbital inclinations. The eventual collisional interaction between Plutinos and Neptune Trojans has not been analyzed in previous works. Since their geometry 1 See http://cfa-www.harvard.edu/iau/lists/NeptuneTrojans.html points to the existence of mutual collisions, the existence of an eventual link between the colors and sizes of Neptune Trojans and Plutinos and their interactions/collisions motivated us to this work. On Sect. 3 we will study the dynamics of Neptune Trojans and Plutinos, separately, focusing on their orbits around the Lagrangian point L 4 . On Sect. 4 we will discuss the possibility of collisions between Neptune Trojans and Plutinos and the best conditions for this to happen. Finally, on Sect. 5 we will present our conclusions.
Observational Results and Discussion
In Table A .1 we summarize the orbital elements, B − R colors, and R-filter absolute magnitudes (H R ) for 4 Neptune Trojans (from Sheppard & Trujillo 2006) and 41 Plutinos (see references on the table). In Fig. 1 we plot the orbital inclination vs orbital eccentricity of all these objects, together with their B − R colors, indexed on a color palette on the right hand side of the figure, and in which objects are plotted proportionally to their estimated diameter also indexed on the top of the figure. The diameters of these objects (in kilometers) are estimated from the absolute magnitudes using the formula (Russell 1916) :
where H R is the R-filter absolute magnitude, and the R-filter albedo is taken as p R = 0.09 (Brown & Trujillo 2004 It is important to note that the small sized Plutinos, which are also as blue as Neptune Trojans, are randomly scattered in eccentricity and inclination whereas the low inclined Plutinos are all relatively small but range from blue to red colors.
Based on these properties we decide to explore two possible scenarios:
(1) could the equally blue colors of the equally sized Plutinos and Neptune Trojans be the result of some collisional interaction between both populations? (2) could the concentration of small Plutinos at low inclinations be the result of some collisional interaction between them and Neptune Trojans?
Why these two scenarios? From the simulations by Thébault & Doressoundiram (2003) and Thébault (2003) , which analyzed the collision rates among all TNOs simultaneously (except for Neptune Trojans that were not known at the time), Plutinos received more collisions than any other sub-population. The number/energy of those collisions also seemed independent of their orbital parameters. That is, Plutinos seemed under the same collisional environment regardless of their high or low inclination and/or eccentricity values.
Therefore, since the possible effects of a significant number of Neptune Trojans were not considered in the aforementioned simulations in this work we explore if and how these Trojans could be the major cause of the non-homogeneity of surface properties observed among Plutinos and the (apparent) homogeneity of surface properties observed for Neptune Trojans.
Let us grasp scenario (1). The members of the collisional families associated with (136108) Haumea possess very similar bluish colors (Brown et al. 2007) . It is reasonable to hypothesize that if Neptune Trojans collided heavily with part of the Plutino population the collision outcomes could be similar in color. Considering that assumption, for this scenario to be possible we need to find a similar collision rate between Trojans and Plutinos independent of the eccentricity and/or inclination values of Plutinos since the small (D < 100 km) and blue Plutinos are homogeneously scattered both in eccentricity and inclination.
As to scenario (2), we are considering a less strict hypothesis in which the collision outcomes of collisions between Neptune Trojans and part of the Plutino population are not necessarily equal in color. The Pluto system has, presumably, a collisional origin, however, while Charon, Nix, and Hydra possess similar colors Pluto is quite distinct (e.g. Stern 2009 ). Let us assume that the disruption of large layered TNOs could generate several objects with distinct colors either from fragments coming from different layers with different colors or from reaccretion of different parts of a heterogenous cloud of debris. Hence, collisions would generate both blue and red, small and medium objects (D < 300 km). For this scenario to be possible we need to find a much higher collision rate between Trojans and the Plutinos with low inclination values than with the Plutinos at high inclinations. Also, given that we do not see neither red nor mid/largesized Neptune Trojans, whereas we see it among Plutinos in the presumable region of collisions, the primordial size and color distributions of Trojans and Plutinos should not have been similar.
Note that even though resonant objects are known to possess large variations of their eccentricity and/or inclination values, showed the existence of two dynamical populations of Plutinos, separating at i ∼ 10
• , which do not seem to easily mix. Consequently, any different collisional/surface evolution that both populations might have had in the past should still be detectable today.
In order to test if the low inclined Plutinos are indeed smaller than the other ones we use the Kolmogorov-Smirnov test (Press et al. 1992; Kolmogorov 1933; Smirnov 1939) . We successively compare the absolute magnitude H R distribution of our 41 Plutinos (with measured B − R colors) having i < i c with those having i ≥ i c , varying i c from 4
• to 15
• in increments of 0.5
• . Two significant solutions exist: a) Plutinos with i < 8
• are intrinsically fainter, and assumed to be smaller, than those above 8
• with a (one-tailed) significance p = 0.0024; b) Plutinos with i < 13
• are intrinsically fainter than those above 13
• with a significance p = 0.0030. Even though we do not obtain an unique solution for the best inclination value that separates the larger (brighter) from the smaller (fainter) Plutinos, we can conclude that the low-inclined ones are in fact smaller. Figure 2 shows the cumulative distribution functions of absolute magnitudes for the higher inclined and lower inclined Plutinos in both solutions.
We will proceed with the study of the dynamics of Plutinos and Neptune Trojans and investigate their possible collisions.
Dynamical Evolution
In previous section we discussed the possible relations between the colors of Plutinos and Neptune Trojans, and the eventual collisions between them. It is now our goal to test the possibility of collisions numerically. For that purpose we will simulate the outer Solar System evolution, where the TNOs are considered massless. This hypothesis is essential to speed up the integrations. The equation of motion for planets is given bÿ
where r i is the vector position of the planet, G the gravitational constant, m s the mass of the Sun, m i the mass of the planet, and N P is the total number of planets. In our simulations we will only take into account the four giant planets. The effect of the inner Solar System in the dynamics of the Kuiper belt objects is only residual and by neglecting it we may use a larger step-size for numerical simulations and considerably decrease the length of the simulations. • (bottom). The incompatibility of distributions between the higher and lower inclined Plutinos is similar in both cases. There is an evident lack of intrinsically bright (large) objects among the lower inclined Plutinos.
For TNOs, since they are assumed massless, the equation of motion is given bÿ
where r k is the vector position of the TNO. By adopting the above equations we assumed that planets and TNOs are only perturbed by the remaining planets, i.e., the TNOs are considered as test particles. The only exception will be the Pluto-Charon system barycenter, which will be considered as a planet because of its important mass. Indeed, some Plutinos may be pushed out of the 3:2 resonance by Pluto into close encounters with Neptune (Yu & Tremaine 1999; .
In our simulations we will use the symplectic integrator from Laskar & Robutel (2001) , with an integration step-size of 0.1 yr. The system is composed of 5 planets (Table A. 2), 6 Trojans (Table A. 3) and 98 Plutinos (Table A.4).
Resonant Motion
Since both Trojans and Plutinos are resonant objects we will briefly recall here the bases of resonant motion, following Murray & Dermott (1999) . Consider then a TNO in some resonance with Neptune. We assume for simplicity, that Neptune is in a circular orbit and that all motion takes place in the plane of its orbit. We also ignore any perturbations between the two bodies as we are only interested in how resonant relationships lead to repeated encounters.
We can examine the geometry of resonance for a general case by first considering two bodies moving around the Sun, in circular and coplanar orbits. So, let us assume that
where n and n' are the mean motions of Neptune and the TNO, respectively (for Trojans p = 1 and q = 0, while for Plutinos p = 2 and q = 1). If the two bodies are in conjunction at time t = 0, the next conjunction will occur when (n − n ′ )t = 2π, and the period, T con , between successive conjunctions is given by
where T and T' are the orbital periods of the two bodies. Now consider the case when e = 0, e
, where e denotes the eccentricity for Neptune and e' and ̟ ′ denotes the eccentricity and longitude of pericentre of the TNO respectively. If the resonant relation
is satisfied, then we can rewrite Eq. (4) as
where n ′ −̟ ′ and n −̟ ′ are relative motions. These can be considered as the mean motions in a reference frame, co-rotating with the pericentre of the TNO. From the point of view of this reference frame, the orbit of the TNO is fixed or stationary. If the resonant relation given in Eq.(6) holds, the corresponding resonant argument is
where λ and λ ′ denote the mean longitude of Neptune and the TNO, respectively. At a conjunction of the two bodies, λ = λ ′ and we have
Thus, ϕ is a measure of the displacement of the longitude of conjunction from pericentre of the TNO. By computing the derivative of the resonant angle ϕ, we geṫ
andφ = 0 from Eq.(6). In a more general situation, we will havė ϕ 0, but in order to preserve the resonant equilibrium ϕ will librate around an equilibrium position ϕ 0 , obtained whenφ = 0. The libration amplitude ∆ϕ will depend on the initial conditions and perturbations from the other bodies in the system and may reach large values. As a consequence, it is possible that the orbits of two distinct bodies librating around different equilibrium positions intercept at some point. Along with the orbital parameters of the Trojans and Plutinos that we used in our simulations, in Table A.3 and Table A .4, respectively, we provide the equilibrium libration angle, the main libration period and amplitude of each TNO obtained over the next 250 Kyr.
Trojans
Neptune Trojans are resonant objects in a 1:1 mean motion resonance with Neptune. In our model we computed the motion of the six Neptune Trojans listed in Table A. 3. In Fig. (3) , we show the behavior of all known Trojans, along time, in a co-rotating frame with Neptune for 100 Myr. Each dot shows the position of the TNO every 10 kyr.
As expected, we see in Fig.3 that all Trojans orbit around the Lagrangian point L 4 , and execute tadpole-type orbits. This kind of orbits represents stable oscillations in the vicinity of the Lagrangian equilibrium point (e.g. Giuliatti Winter et al. 2007 ). The differences between the shape of their orbits, depend on the libration amplitude, but also on their orbital eccentricity and inclination values. Trojan 2007VL305, that execute the most scattered orbit, also presents the largest eccentricity and inclination (e = 0.062 and i = 28
• ). On the other hand, for small values of these two orbital parameters, the TNOs remain roughly in the path of Neptune's orbit, only changing its relative position to the planet due to libration. In Table A .3 we provide the libration amplitude and period for all Trojans. While amplitudes can vary from only 6
• to 26
• , the periods of libration remain around 9 Kyr for all objects. Trojan 2001QR322 presents the largest libration amplitude and therefore moves further away of the equilibrium point L 4 . As a consequence, its orbit will be more susceptible of being destabilized by gravitational perturbations from the planets and other bodies in the system. Indeed, in our long-term numerical simulations (Sect. 4.1) this TNO will abandon the Trojan orbit after 112 Myr and become a Kuiper belt object.
Plutinos
Plutinos are resonant TNOs in a 3:2 mean motion resonance with Neptune. Thus, like Trojans, although they can cross the orbit of Neptune, they are protected from possible encounters with this planet. In Fig.4 we have drawn the typical path of a Plutino in the co-rotating frame of Neptune, for three different values of the eccentricity (e = 0.1, 0.2 and 0.3). These plots are drawn assuming that the Plutino is at exact resonance (φ = 0), which is not true, because the orbit is librating around an equilibrium position ϕ 0 (Eq.8). As a consequence, in a more realistic situation we will observe an oscillation of those paths as the one represented in Fig.5 . In Table A .4 we provide the libration amplitude and period for all Plutinos. The equilibrium libration angle for them all is ϕ 0 = ±180
• , but the amplitudes of libration can be as small as 7
• for Plutino 1996TQ66 or as wide as 120
• for Plutinos 1995QY9 and 2001KN77. The libration periods, P lib , vary between 14.5 and 26.6 Kyr, the average being around 20 Kyr. For comparison, the values for Pluto are ∆ϕ = 79.7
• and P lib = 19.9 Kyr. A.J.C. Almeida et al.: Neptune Trojans and Plutinos: colors, sizes, dynamics, and collisions In our model we computed the motion of about 100 Plutinos, whose orbital parameters are listed in Table A .4. All objects present moderate eccentricities and inclinations, (ē ∼ 0.23 and i ∼ 10.4
• ). According to Malhotra (1995) these values can be a consequence of the resonant mechanism of capture, during the residual planetesimal cleaning in the vicinity of the young giant planets. Due to Neptune's migration, the eccentricity and inclination of the Plutinos are pumped after capture in resonance.
In Fig.6 we show the behavior of six Plutinos, along time, in a co-rotating frame with Neptune for 100 Myr, each dot showing the position of the object every 10 Kyr. Because Plutinos are much more numerous than Trojans, we can only represent a small fraction of them. We have chosen the most representative cases, namely, the Plutino with the smallest and widest libration (1996TP66 and 2001KN77, respectively) , the Plutinos with smallest and highest eccentricity (2003VS2 and 2005GE187, respectively) , and the Plutinos with smallest and highest inclination (2002VX130 and 2005TV189, respectively) . • ), and Plutino 2005TV189, with the highest inclination (e = 0.186, i = 34.5
• ).
As expected, depending on the eccentricity values, the orbits of the Plutinos are all in good agreement with the paths shown in Fig.4 . Because of the libration motion of the orbits (Fig.5) their trajectories approach or cross the Lagrangian points L 4 and L 5 , that is, the Plutinos orbits share the same spatial zone as the Neptune Trojans.
Numerical Simulations
In Sect.2 we have shown that, although Neptune Trojans and Plutinos appear to have different origins, some of their properties indicate that the two types are quite identical, suggesting that there must be some sort of communication between them. Indeed, in the previous section we saw that due to the libration motion of the orbits there is a wide zone of spatial overlap around the Lagrangian point L 4 of Neptune. As a consequence, we may expect close encounters and collisions between the two kinds of TNOs to occur at a higher rate than in the remaining Kuiper belt, resulting in a change of the size distributions of the two populations.
In order to test this possibility we simulated the long-term future evolution of the outer Solar System for 1 Gyr. The orbits of the outer planets, the Neptune Trojans and the Plutinos are integrated simultaneously according to the model described in the beginning of Sect.3.
Stability of the Neptune Trojans
The stability of the Neptune Trojans orbits is an important issue on the dynamics of the outer Solar System. According to Dvorak et al. (2007) Trojans with low-inclined orbits are less stable. The stability area around L 4 and L 5 disappears after about 10 8 yr for low inclinations, while this stability zone is still present for about 10 9 yr for large inclinations. More precisely, it was concluded that there exists a region (20 • < i < 50 • ) of higher stability for the Neptune Trojans, although only two have presently been found in this region (Table A. 3).
During our numerical simulations all Trojans remained stable within the limits shown in Fig.3 during 1 Gyr, except Trojan 2001QR322, which escapes from the Lagrangian L 4 point after about 112 Myr. This last observation was somehow unexpected, since Chiang et al. (2003) concluded that this same Neptune Trojan was stable over 1 Gyr. This difference of behaviors is a consequence of a modification in the initial conditions (Table A. 3), obtained with new observational data. This event is more or less in agreement with the results from Dvorak et al. (2007) , because Trojan 2001QR322 is the one with smallest inclination (i = 1.3
• ). Although other Trojans with identical inclination values remained stable, we notice that Trojan 2001QR322 also has the widest libration amplitude (∆φ = 26
• ) and its orbit is therefore more susceptible of being disturbed by planetary perturbations. This suggests that the stability of the Trojans is smaller for low-inclined orbits, but also for large libration amplitudes.
In Fig.7 we plot the long-term evolution of the orbital period and the eccentricity of the Trojan 2001QR322. The behavior of this object is extremely regular, until it undergoes a sudden increment of the eccentricity, which removes it form the 1:1 mean motion resonance with Neptune. Interestingly, just after escaping the resonance, the semi-major axis of this TNO is temporarily stabilized near the 3:2 resonance with Neptune, i.e., its orbit becomes very close to the Plutino's orbits. However, contrary to regular Plutinos, the eccentricity undergoes important chaotic variations from nearly zero up to 0.3. This regime lasts for about 300 Myr, time after which the eccentricity grows to almost 0.8. As a consequence, close encounters with the planets become possible and the TNO leaves the area near to the 3:2 mean motion resonance. Later on, the same TNO seems to be captured in a 9/2 mean motion resonance with Neptune, and stays there for about 100 Myr. Finally, the orbit is again destabilized and the eccentricity grows to extreme values, and the TNO turns into a comet. Initially a Trojan, the orbit of this TNO is not stable and quits the 1:1 mean motion resonance after about 112 Myr. Then it jumps to different configurations until it becomes a comet and eventually collides with a planet or the Sun. In this simulation it is ejected from the Solar System after 525 Myr.
Stability of the Plutinos
The orbits of the Plutinos are believed to be stable as long as the libration amplitudes are smaller than 120
• . For larger libration widths, the planetary perturbations will remove the TNO from its orbit in short time intervals. The same phenomena was observed for Trojans.
During our numerical simulations over 1 Gyr, 10 Plutinos over 98 quit their orbits (about 10%). In Table 1 we list all these bodies, as well as their libration width (Table A.4) . Contrary to expectations, we observe that only two Plutinos present libration amplitudes around 120
• . The minimum libration width observed is around 40
• . A possible explanation is that because Plutinos are not alone in their orbits and, according to Yu & Tremaine (1999) and , some Plutinos may be pushed out of the resonance by Pluto into close encounters with Neptune. Indeed, stability maps by only take into account the effect of the four giant planets.
In Fig.8 we plot the long-term evolution of the orbital period and the eccentricity of TNO 2000FV53. The initial 3:2 resonant configuration is abandoned just after 69 Myr, time after which the eccentricity increases progressively. The TNO then undergoes close encounters with the planets, which will increase the eccentricity even more, until it can reaches very high values. The Plutino 2000FV53 then becomes a short-period comet and eventually collides with a planet or the Sun. This mechanism has already been described as the responsible for the provision of short period comets into the inner Solar System (e.g. Morbidelli 1997 ). In our simulation the aforementioned TNO is ejected from the Solar System after 150 Myr.
Orbital overlap between Trojans and Plutinos
In Sect.3.3 we saw that because of libration, the Plutinos' orbits can approach the Lagrangian point L 4 . In order to check the extent of the orbital overlap between Neptune Trojans and Plutinos, in Fig.9 we plotted simultaneously their orbits in a co-rotating frame with Neptune. We used the Trojan 2007VL305 for all representations, since it has the most scattered orbit, maximizing the possibility of orbital merging with a Plutino. For the Plutinos we used the same bodies as in Sect.3.3, which correspond to the extreme cases of libration, eccentricity, and inclination. The only exception is that Plutino 1996TP66 (with the smallest libration width) has been replaced by Pluto, since a small libration amplitude does not allow the Plutino to flyby the Lagrangian points.
Since the TNOs are not necessarily in the same orbital plane as Neptune (especially for those having large inclination values), two types of plots have been made: one where we plotted the projection of the TNO position in the orbital plane of Neptune (Fig.9a) , and another where we plotted the projection of the TNO in the orbital plane of Neptune, only when the distance to this plane is smaller then 10 −3 AU (Fig.9b) , that is, less than 150 000 km, half of the Earth-Moon distance. Indeed, most of our Trojans have low inclinations and therefore lie close to Neptune's orbital plane most of the time. As a consequence, near this plane close encounters with Plutinos are maximized.
The importance of plotting the two situations is clearly illustrated by the behavior of Pluto (Fig.9) . At first glance, looking only to the projection on Neptune's orbital plane, we observe a large zone shared by the orbits of the two kinds of TNOs, suggesting that close encounters may be a regular possibility. However, when we restrain the plot only to Neptune's orbital plane, we observe that Pluto is never on this plane when it approaches L 4 , preventing any close encounter with Trojans.
From the analysis of Fig.9 , we can also conclude that Plutinos with large libration amplitudes (e.g. 2001KN77) maximize the chances of intercepting Trojans. This behavior was expected, as their orbits invade a large zone around the Lagrangian point L 4 .
On the other hand, Plutinos with low eccentricity values (e ∼ 0.1; e.g. 2003VS2), always avoid Trojans independently of its libration amplitude or orbital inclination, since the small eccentricity prevents them from crossing Neptune's orbit. According to Fig.4 , this result could also be expected, because for low eccentricity there is no interception of the Plutino and Neptune's orbits.
Finally, when comparing the behavior of Plutinos in lowinclined orbits (2001KN77 and 2002VX130) with high-inclined ones (Pluto, 2003VS2, 2005GE187 and 2005TV189) we conclude that large orbital inclination decreases the chances of close encounters because the Plutino is never close to Neptune's orbital plane when it crosses the orbit of the planet. The fact that Plutinos with low inclination share the Trojan space was expectable, as both TNOs remain close to the same orbital plane. However, Plutinos with high inclination could also approach the orbital plane of Neptune at the moment they are close to the Lagrangian points, which is not really observed.
From the above analysis (and also for the remaining 5 Trojans and 92 Plutinos), we empirically conclude that orbital overlap between Trojans and Plutinos is favored for Plutinos with high libration amplitudes, high eccentricity values and low inclined orbits.
Collisions between Neptune Trojans and Plutinos
In order to directly check if close encounters between the Neptune Trojans and Plutinos can occur, and how often during 1 Gyr of numerical simulations, we computed the distance between all bodies after each step-size.
For that purpose we arbitrarily selected two critical distances, one d 1 < 2 × 10 −5 AU (∼ 3 000 km), for which we assume that the two TNOs effectively collide, and a second d 2 < 2 × 10 −3 AU (∼ 300 000 km), for which the two bodies do not collide, but become closer than the Earth-Moon distance. Assuming a body with the mass density of water ice located at Neptune's distance to the Sun, d 1 and d 2 correspond approximately to the Hill radius of an object with diameter of 1.5 km and 150 km, respectivelly. Alternatively, d 2 is equivalent to the Hill radius of a body with 0.01% of Pluto's mass at the same distance from the Sun as Neptune. TNOs with diameters of 150 km or larger when approaching at distances less than d 2 will be significantly perturbed by their mutual gravity and our model described in Sect.3 will no longer apply. We assume that TNOs undergoing such close encounters may effectively collide, or de- Initially a Plutino, the orbit of this TNO is not stable and quits the 3:2 mean motion resonance just after about 69 Myr. Its eccentricity then increases progressively and the TNO becomes a short-period comet that eventually collides with a planet or the Sun. In this simulation it is ejected from the Solar System after 150 Myr.
viate considerably from their initial orbits and quit the resonant configuration with Neptune. After 1 Gyr of simulations we did not observe any event for which the minimal distance between two bodies, d min , is lower than d 1 , and registered only 14 close encounters for which d min < d 2 . The results are listed in Table 2 . However, these results cannot be seen as definitive, but rather as minimal estimations of close encounters. Indeed, since our step-size is 0.1 yr, in a circular orbit a Trojan will travel about 0.1 AU per step-size. As a consequence, two TNOs may effectively collide between two step-sizes and our program is unable to detect it. The results listed in Table 2 must then be seen as indicative of the possibility of collisions and not as conclusive.
Assuming a constant speed for TNOs and a uniform distribution of their relative minimal distances, we roughly estimate the real number of close encounters d min < d 2 to be 50 times more frequent than those listed in Table 2 (0.1 AU/d 2 = 50). Effective collisions (d min < d 1 ) should also be more frequent in the same proportion. Thus, since d 1 = 10 −2 d 2 , the results showed in Table 2 for d min < d 2 can be seen as a rough indicator of the real number of effective collisions occurring between Neptune Trojans and Plutinos. Among the 14 "collisions" listed in Table 2 , two were between Trojans, two between a Trojan and a Plutino, and the remaining ten between Plutinos. It is not a surprise that Trojans or Plutinos also undergo close encounters between each other, because of the libration of their orbits (Fig. 5) . The two Plutinos that encounter Trojans are 1995HM5 (e = 0.26, i = 4.8
• , ∆ϕ = 70
• ) and 2002VU130 (e = 0.21, i = 1.4
• , ∆ϕ = 116 • ), both having small orbital inclinations and large values for the eccentricity and libration amplitude. This confirms our predictions from Sect.4.3, that collisions between Trojans and Plutinos are favored for Plutinos with high libration amplitudes, high eccentricity values and low inclined orbits.
The fact that we count more close encounters between two Plutinos than between a Trojan and a Plutino, cannot be seen as an indicator that this last kind of encounter is less frequent. Indeed, in our simulations the number of Trojans (6) is about 16 times smaller than the number of Plutinos (98). Therefore, there are roughly 16 times more chances of observing an encounter between two Plutinos. If our simulations had as much Trojans as it has Plutinos, we could then probably expect to observe about 32 Trojan-Plutino encounters. As a consequence, from the results listed in Table 2 we infer that this kind of encounter is roughly 3 times more frequent than a Plutino-Plutino one. The same applies to the encounters between Trojans. In our simulation they are also about 16 times less probable than a Trojan-Plutino encounter and we infer that they should be about 50 times more frequent than encounters between Plutinos. Only by using a model with an identical initial number of Trojan and Plutinos, would allow us to determine the exact proportions for each kind of encounter.
Conclusions
In this work we aimed to verify if both Plutino and Neptune Trojan populations can be merged, and how frequently does that occur, and examine if there could be a connection between such possibility and the observed properties of the two (sub-) populations of TNOs in question. We analyzed the available colors and absolute magnitudes of Plutinos and Neptune Trojans. The nonexistence of significant albedo diversity among the large majority of these objects is assumed, hence we interpreted absolute magnitudes as an equivalent to to object size. We find that:
(i) there are no intrinsically bright (large) Plutinos at small inclinations;
(ii) there is an apparent excess of blue and intrinsically faint (small) Plutinos; (iii) Neptune Trojans possess the same blue colors as Plutinos within the same (estimated) size range do.
From these results, we have hypothesized that there might have been some strong collisional interaction between Neptune Trojans and (1) the presently small Plutinos -with the assumption that such collisions created only blue colored objects -, or (2) the low inclined Plutinos -with the assumption that such collisions created both blue and red objects. Paradoxically, the previous two opposite assumptions both seem to have observation support among other TNOs.
In order to differentiate between these two scenarios we performed a numerical simulation over 1 Gyr of the future evolution of the outer Solar System composed by 5 planets, 6 Neptune Trojans, and 98 Plutinos.
By plotting simultaneously the orbits of the Neptune Trojans and Plutinos in a co-rotating frame with Neptune, it becomes clear that there is a large overlap of the orbits of the two kinds of TNOs. A more detailed analysis revealed, however, that close encounters with the Neptune Trojans are favored for Plutinos with high libration amplitudes, high eccentricity values, and low inclined orbits. Tables A.3 and A.4 show the libration amplitudes and periods computed for these objects.
After 1 Gyr of numerical simulations we registered 2 TrojanPlutino, 2 Trojan-Trojan, and 10 Plutino-Plutino close approaches, i.e. less than ∼ 300 000 km. Since we have used the currently known objects, Trojans are much less numerous than Plutinos in our simulation. If the number of objects among each population is similar then we roughly infer that Trojan-Plutino and Trojan-Trojan "collisions" can be about three and fifty times more frequent, respectively, than Plutino-Plutino collisions.
The collision rates between Neptune Trojans and between Neptune Trojans and Plutinos might explain both why we observe a small number of Neptune Trojans and why there is an absence of large Neptune Trojans: a strong collisional evolution possibly played an important role by shattering and/or depleting Neptune Trojans.
Our results also show that Plutinos in low-inclined orbits have more chances of colliding with Neptune Trojans. This result gives no support for a (mutual) collisional origin of the equal-sized and equal-colored Neptune Trojans and small Plutinos, as the latter are equally spread in inclination (see Sect. 2, scenario #1). On the other hand, it gives plausibility to the origin of the concentration of small Plutinos with i < 8 − 13
• as being a consequence of some collisional interaction with Neptune Trojans(see Sect. 2, scenario #2).
During our numerical simulations we also observed that the orbit of Trojan 2001QR322 became unstable as well as the orbits of 10 more Plutinos. The stability of Neptune Trojans appears to be enhanced for high inclination values (Dvorak et al. 2007) , and also for small libration amplitudes. On the other hand, Plutinos seem to be essentially pushed out of their resonance by Pluto, in conformity with the results of Yu & Tremaine (1999) and . This work's results were derived for objects considered as test particles (except for Pluto) and the number of "collisions" were extrapolated from the amount of close encounters after each integration step-size. Accurate estimations for the amount of collisions between Neptune Trojans and Plutinos can only be made with the inclusion of mutual gravitational interactions between all objects, and using the real spatial and size distributions of these objects.
Nonetheless, our sketchy analysis indicates that under certain assumptions, which have parallel in what has been inferred for other TNOs, shattering collisions involving Neptune Trojans might have played a crucial role on the creation of the sizeinclination asymmetries observed among Plutinos. We recall that we have disregarded the possibility that these asymmetries might have been created by collisional interaction with some other sub-population of TNOs than the Neptune Trojans in view of the results obtained by Thébault & Doressoundiram (2003) and Thébault (2003) . If those works come to be revealed as inadequate approximations of the relative collision rates suffered by TNOs our inference on a possible cause for the size-inclination distribution of Plutinos looses its ground. Further, if Neptune Trojans and low inclined Plutinos do not possess identical spin rate versus size distributions, which should be distinct from the higher inclined Plutinos, then our suggestions cannot hold either (e.g. Farinella et al. 1981) . More detailed studies on the interaction between Neptune Trojans and Plutinos should be attempted. Romanishin & Tegler (1999) 
